In the present work, we investigated the relationship between mitochondrial function and Ca 2ϩ homeostasis in brain slices obtained from mice that aged normally. In acute preparations, the cerebellar neurons had similar values for intracellular free Ca 2ϩ ([Ca 2ϩ ] i ) regardless of their age (range, 6 weeks to 24 months). However, compared with the young slices, the aged neurons (20-24 months) showed an enhanced rate of [Ca 2ϩ ] i increases as a function of the time the slices were maintained in vitro. When slices were stimulated (KCl depolarization), there were significant differences in the patterns of [Ca 2ϩ ] i signal displayed by the young and old cerebellar granule neurons. More importantly, the aged neurons showed a significant delay in their capacity to recover the resting [Ca 2ϩ ] i . The relationship between [Ca 2ϩ ] i and mitochondrial membrane potential was assessed by recording both parameters simultaneously, using fura-2 and rhodamine-123. In both young and aged neurons, the cytosolic [Ca 2ϩ ] i signal was associated with a mitochondrial depolarization response. In the aged neurons, the mitochondria had a significantly longer repolarization response, and quantitative analysis showed a direct correlation between the delays in mitochondrial repolarization and [Ca 2ϩ ] i recovery, indicating the causal relationship between the two parameters. Thus, the present results show that the reported changes in Ca 2ϩ homeostasis associated with aging, which manifest principally in a decreased capacity of maintaining a stable resting [Ca 2ϩ ] i or recovering the resting [Ca 2ϩ ] i values after stimulation, are primarily attributable to a metabolic dysfunction in which the mitochondrial impairment plays an important role.
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Mitochondria are intracellular organelles that provide cells with energy and are intimately involved in numerous cellular processes. In the nerve cells, mitochondria serve as a dynamic store, involved in the regulation of Ca 2ϩ homeostasis (Duchen, 1999; Nicholls and Budd, 2000) . Mitochondria can prevent excessive [Ca 2ϩ ] i increases by continuously providing the energetic support (i.e., ATP) required by the activity of various Ca 2ϩ ATPases and by acting as a high-capacity cellular Ca 2ϩ store (Nicholls and Budd, 2000) , frequently placed in strategic positions to reduce the diffusion of Ca 2ϩ across the cytosol (Tinel et al., 1999) . The effect of mitochondria in the regulation of [Ca 2ϩ ] i appears to be particularly relevant in neuronal cells, in which Ca 2ϩ uptake by neighboring mitochondria controls the kinetics of plasmamembrane Ca 2ϩ channels and modulates the excitotoxic effect of glutamate (Stout et al., 1998; Friel, 2000) . Increases of Ca 2ϩ in the mitochondrial matrix activate dehydrogenases coupled to the Krebs cycle (Gunter et al., 2000) , resulting in the activation of respiratory chain activity. Matrix Ca 2ϩ can also directly increase ATP production by activating the F 0 F 1 ATPase (Territo et al., 2000) . Thus, mitochondrial dysfunctions could result in severe alterations of normal [Ca 2ϩ ] i homeostasis. Several lines of evidence suggest that mitochondria are affected by aging, becoming progressively more damaged in senescent tissue (Lenaz, 1998; Cortopasi and Wong, 1999) . Aged mitochondria display a significant reduction in the activity of the various electron-transport complexes and an age-associated alteration in the mitochondrial membrane potential (Hagen et al., 1997; Kwong and Sohal, 2000) . These changes are seen as a consequence of a vicious cycle of accumulated mitochondrial oxidative stress and damage of the mitochondrial DNA (Lenaz, 1998; .
The possibility that changes in Ca 2ϩ homeostasis might explain the functional impairment in old brains forms the basis of the Ca 2ϩ hypothesis of neuronal aging (Khachaturian, 1994) . Several recent reviews examined the available evidence (Thibault et al., 1998; Verkhratsky and Toescu, 1998) and pointed out the existing discrepancies. Elevated resting [Ca 2ϩ ] i and reductions in the amplitude of the stimulation-induced [Ca 2ϩ ] i signals in aged neurons have been reported in some studies (Martinez Serrano et al., 1992; Kirischuk and Verkhratsky, 1996) , whereas others reported either no changes in the resting [Ca 2ϩ ] i (Hartmann et al., 1996a; Murchison and Griffith, 1998) or increases in the amplitude of the [Ca 2ϩ ] i signals (Duckles et al., 1996) and in the Ca 2ϩ influx pathway (Thibault et al., 1998) . The interplay between mitochondrial metabolic status and Ca 2ϩ homeostasis in neurons has been studied primarily in the context of acute excitotoxicity and neurodegeneration (Stout et al., 1998; Duchen, 1999 Duchen, , 2000 Mattson et al., 2000; Nicholls and Budd, 2000) . Little is known about this relationship during normal, physiological aging. Here we have studied, for the first time, the relationship between mitochondrial function and [Ca 2ϩ ] i dynamics in neurons in brain slices obtained from mice that aged in normal conditions. We demonstrate here that the aged neurons show a mitochondrial dysfunction characterized by a significant prolongation of the process of mitochondrial membrane potential repolarization. This mitochondrial impairment is associated with alterations in Ca 2ϩ homeostasis that result in a decreased capacity to maintain a stable resting [Ca 2ϩ ] i or recover the resting [Ca 2ϩ ] i values after stimulation.
MATERIALS AND METHODS
Cerebellar slices. Young (4 -6 weeks) and old (20 -24 months) mice (C57BL /6) were purchased from B&K International (Hull, UK) and maintained in the animal care facilities at the University of Birmingham. All experiments were conducted in compliance with the institutional and national guidelines for humane animal handling. The animals were killed by cervical dislocation (schedule I), and the cerebellum was rapidly removed (ϳ1 min) and glued to the cutting block of the vibroslicer (C ampden Instruments, L oughborough, UK), with manual control on advance, using a high-vibration speed setting (9 -10 of 11). Parasagittal slices (250 -350 m thickness) were cut in ice-cold artificial C SF (aC SF) containing (in mM): 4.7 KC l, 2.5 C aC l 2 , 25 NaHC O 3 , 1.2 K H 2 PO 4 , 1.2 MgSO 4 , and 11 glucose, equilibrated continuously with 95% O 2 and 5% CO 2 , to maintain the pH at 7.4. During cutting and for the initial period of equilibration (30 min), the aC SF was supplemented with 225 mM sucrose to reduce the level of neuronal damage (Moyer and Brown, 1998) . Cutting was done at 0 -4°C, and the slices were transferred into the sucrose-based equilibration aC SF, gassed, and maintained at room temperature. After 30 min, the slices were transferred to a slice-holding chamber (based on a 100 m cell strainer; Becton Dickinson, Mountain View, CA), maintained f ully submerged (2-3 cm) in a beaker that contained the normal aC SF (with 118 mM NaC l instead of sucrose), and continuously gassed. The slices were maintained in these conditions for different periods of time until use. Ca 2ϩ imag ing e xperiments. For [C a 2ϩ ] i experiments, the slices were loaded by transferring them with an inverted glass Pasteur pipette to a smaller container in a small, bench-top oven, that was maintained at 33°C. This glass container was filled with 1 ml of aC SF supplemented with f ura-2 AM at a concentration of 10 M. During the 30 min loading, the medium was continuously and gently bubbled with the 95% O 2 and 5% C O 2 gas mixture. After loading, the slices were returned to the holding chamber and maintained for another 30 min to allow complete de-esterification of the C a 2ϩ dye. For experimentation, the slices were transferred into a perf usion bath, placed on the stage of an upright microscope (Olympus BW 50I; Olympus Optical, Tokyo, Japan), and visualized through a 60ϫ waterimmersion objective. The slices were f ully submerged and superf used with aC SF containing 20 M picrotoxin, at a rate of 1.5 ml /min and at room temperature, in a gravity-fed system consisting of four separate reservoirs (60 ml plastic syringes) bubbled independently. Each reservoir had a separate tube (controlled by a three-way stopcock); the four separate outlets were glued together and opened in the bath, near the surface of the slice, with their precise positioning being achieved using a macromanipulator. When the slices were stimulated, the exposure period was controlled manually by first closing the line containing the aC SF and then opening, at time 0, the line containing the stimulus for the required amount of time. The proximity of the tube opening to the area of the slice that was visualized secured rapid access of the stimuli to the neurons, independent of the concentration changes in the bath.
Images were taken using an intensified GenIV camera (Universal Imaging, Marlow, UK). The excitation light (340 and 380 nm wavelength) was provided by a monochromator (C airn Research L td., Faversham, UK), controlled through MetaFluor software (Universal Imaging Corporation, West Chester, PA). The emission was set with a 535 Ϯ 25 nm cutoff filter (Chroma Technology Corp., Brattleboro, V T) placed in a Sutter (Novato, CA) filter wheel installed in front of the camera.
Images were collected at a rate of 0.2-3 Hz; analysis was performed offline, using as region of interest (ROI) the entire soma of individual neurons. [C a 2ϩ ] i levels were calculated from the ratio of emitted fluorescence on excitation at 340 and 380 nm, using the standard Grynkiewicz formula (Grynkiewicz et al., 1985) . For calibration, the slices were exposed sequentially (at room temperature) to an aC SF solution containing 5 M ionomycin and either 10 mM Ca 2ϩ or no C a 2ϩ and 1 mM EGTA, to obtain the R max (1.75) and R min (0.55), respectively.
Dual measurements of [Ca 2ϩ ] i and mitochondrial membrane potential. For these experiments, the slices were loaded sequentially with f ura-2 AM, as described above, followed by incubation for 10 min with a solution containing 10 M rhodamine-123 (Sigma / RBI, Poole, UK).
Rhodamine was used in preference to other mitochondrial dyes, such as tetramethylrhodamine ethyl ester (TMRE) or tetramethylrhodamine methyl ester (TMRM), because it has a better cell retention as a result of its lower membrane permeability (Nicholls and Ward, 2000; . To provide consistency between experiments and to allow direct comparisons, the rhodamine-123 solutions used were prepared daily and loaded under identical conditions. Furthermore, particularly for the f ura /rhodamine studies, the intensifier gain on the camera was always set at the same value. For collecting images, the slices were exposed sequentially to 340, 380, and 480 nm wavelength light, and the emission was collected through two separate filters (535/25 nm and 560L P; Chroma Technology Corp.) placed in the Sutter filter wheel and controlled by the MetaFluor program. A f ull set of the three images for each excitation wavelength, at 512 ϫ 512 pixels, with no binning, can be collected at 2 Hz.
Comparison between the properties of young and old slices. Taking into account that aged animals show clear f unctional impairment (Barnes 1994; Zyzak et al., 1995) , it is very important for all in vitro studies to establish the quality of the experimental model (i.e., the slice), to be able to differentiate between age-dependent changes in the physiological status of the neurons, which should be manifest from the start of the in vitro experimentation period, and the dysf unctions induced by the preparation methods (slicing and conditions of maintenance). Several studies on brain slices obtained from aged animals showed that the basic features of neuronal electrophysiology (e.g., resting membrane potential, input resistance, action potential threshold, and amplitude) are not different, at least for hippocampal neurons, in the aged neurons compared with the young adults (Thibault et al., 2001) . Because other studies assessing the morphology of the slices showed that the aged slices are more sensitive to the isolation conditions than the young ones (Moyer and Brown, 1998) , it was important to assess the quality of our older slices and to compare them with the young ones. For these controls, all experiments were performed at early time points after slice isolation and equilibration so that the influence of the factors associated with in vitro maintenance could be minimized.
One criterion used was the percentage of compromised cells, as assessed by the use of nuclear dyes [5 M of the membrane-permeant Hoechst 33842 (Hoe) and 10 M propidium iodide (PI)]. The slices, soon after equilibration and transfer in the normal (NaC l-based) aC SF, were loaded for 10 min in bubbled aC SF with both dyes and then transferred to the experimental chamber for fluorescence measurements, under continuous perf usion. Images were taken near the surface of the slice and 30 and 60 m deeper within the slice. The assessment of the percentage of PI-positive cells out of the total number of cells labeled by Hoe showed that there was no significant difference between the young and aged slices (ϳ75% of the cells on the surface of the slice stained for PI, whereas at 60 m deep in the slice, only 20 -25% of the cells were PI-positive).
Another criterion used for comparison was the loading efficiency of the f ura, measuring independently the baseline average fluorescence intensity at 340 and 380 nm excitation for the neurons deeper in the slice (50 m). No difference was found between these fluorescence values [for 340 nm excitation: 270 Ϯ 20 fluorescence units (F U), after background subtraction for young neurons, mean Ϯ SEM, versus 250 Ϯ 20 F U for older neurons; for 380 nm excitation: 440 Ϯ 20 F U for young neurons versus 390 Ϯ 30 F U for older neurons], indicating a similar loading efficiency ( Fig. 1) .
Finally, using the morphometric analysis package MetaMorph (Universal Imaging, Downingtown, PA), we measured, on the basis of the bright 380 nm images, the surface area of the granule neurons in a series of images; no significant differences were found between young and old neurons.
Chemicals and reagents. All chemicals were purchased from Sigma. Statistics. Each set of experiments is representative of at least four independent experiments performed on different preparations. Statistical significance was assessed by the unpaired Student's t test, performed using E xcel 97 (Microsoft, Seattle, WA).
RESULTS

Resting [Ca 2؉ ] i values
We first examined whether aging induces changes in the value of neuronal resting [Ca 2ϩ ] i . This is a very important issue that is compounded by the scattering of currently available results (Thibault et al., 1998; Verkhratsky and Toescu, 1998) . As argued, part of this variability might be explained by the choice of experimental model, and few studies have used the most physiological brain preparation, the brain slice (Verkhratsky and Toescu, 1998) . In the present experiments, cerebellar brain slices were obtained from animals of different ages and loaded with fura-2 AM during the equilibration period. The resting [Ca 2ϩ ] i values were thus determined within the first 1-1.5 hr after slice cutting. As seen in Figure 2 , there was no significant difference between the mean resting [Ca 2ϩ ] i value of cerebellar granule neurons across the entire range of ages from 6 weeks to 24 months [71 Ϯ 3 nM Ca 2ϩ at 6 weeks (n ϭ 76) vs 74 Ϯ 4 nM Ca 2ϩ at 24 months (n ϭ 33); p Ͼ Ͼ 0.05; two-tailed t test]. Similar values were recorded for Purkinje neurons [79 Ϯ 5 nM Ca 2ϩ at 6 weeks (n ϭ 22) vs 86 Ϯ 9 nM Ca 2ϩ at 24 months (n ϭ 15); p Ͼ Ͼ 0.05; two-tailed t test].
Maintenance of resting [Ca 2؉ ] i
Because the starting point is not necessarily a predictor for the subsequent development of a process, we were interested in determining whether one reason to explain the discrepancy in the published data regarding the resting [Ca 2ϩ ] i in aged neurons would be an increase in this parameter as a function of the time of maintenance in vitro. For these experiments, the cerebellar slices obtained from animals of different ages (6 weeks and 24 months) were maintained in vitro for different periods of time, in the absence of any stimulation (i.e., kept in the holding chamber in normal aCSF media and continuously bubbled with O 2 and CO 2 ). At regular intervals, individual slices (different slices for each individual time point) were loaded with fura-2 AM and the resting [Ca 2ϩ ] i was measured 50 -70 m deep in the slice, so as to avoid the complications associated with surface damage of the slice (see Materials and Methods) (Moyer and Brown, 1998) . In agreement with previous data regarding the selection criteria for healthy neurons (Thibault et al., 2001) , for this analysis we included only neurons that had a resting [Ca 2ϩ ] i value Ͻ150 nM. Figure 3A is a scatterplot of all of the data obtained from both young and old slices at the various time points of the investigation. A two-factor repeated-measures ANOVA was used to assess the existence of a possible statistical difference between these two sets of data. This analysis showed that, with respect to the age factor, the two sets of data were significantly different ( p Ͻ 0.001). Post hoc analysis indicated that the differences in resting [Ca 2ϩ ] i between the young and old slices became statistically significant after ϳ3 hr (at 3 hr, p ϭ 0.051; at 4 hr, p ϭ 0.003). To understand better the dynamics of the changes in resting [Ca 2ϩ ] i with time, we used linear and nonlinear regression models to fit the data sets. Of the three main models used (linear, sigmoidal, and exponential), both the young and old data were best fitted by an exponential model [y ϭ A ϫ exp(Ϫ(x/B)] (Fig. 3B ). Although the intercepts ( A) were similar (64.80 Ϯ 1.38 for young and 61.99 Ϯ 1.66 for old), the rate factors ( B) were different (Ϫ23.38 Ϯ 2.85 and Ϫ11.73 Ϯ 0.92 for young and old, respectively), and from the fact that the statistically calculated 95% confidence limits (CLs) for each of them do not overlap (minimal 95% CL for young, Ϫ17.79; maximal 96% CL for old, Ϫ13.55), it can be concluded that the increase in resting [Ca 2ϩ ] i in the old neurons as a function of time of in vitro maintenance takes place at a significantly higher rate than in the younger slices. These relationships were not affected by the presence of 1 M TTX in the incubation buffer, indicating that the differences in the capacity of the neurons to maintain their resting [Ca 2ϩ ] i are not attributable to a higher level of spontaneous neuronal activity in the aged slices.
Using a similar experimental protocol, we also observed that in vitro maintenance was associated with a gradual increase in the number of granule neurons that stain positive with PI, a nuclear dye that stains cells with compromised plasma membrane permeability. Over a 5 hr interval, in the young slices the number of PI-positive cells increased by 9.7 Ϯ 0.7% (n ϭ 7 fields per slice at each time point; three animals), whereas in the old slice, over the same time interval, the increase in the PI-positive cells was larger (15.0 Ϯ 1.1%; p Ͻ Ͻ 0.05; t test), indicating an increased vulnerability of the neurons in the aged slices to in vitro maintenance conditions (Fig. 3C ).
Ca
2؉ responses to KCl-evoked depolarization
The next issue examined was that of possible changes in the dynamics of the [Ca 2ϩ ] i response to neuronal stimulation as a function of aging. To reduce the problems potentially associated with age-dependent changes in glutamate receptor expression (Gazzaley et al., 1996) , for these experiments we used a simple KCl-evoked depolarization protocol (in the presence of 1 M TTX, to avoid the possible amplification of the signals through secondary action potential-mediated events), effectively clamping the neurons at a depolarized membrane potential for the duration of KCl exposure. In slices from young animals (6 -8 weeks of age), a 30 sec depolarization with 50 mM KCl induced an expected Ca 2ϩ signal (Fig. 4) . In most neurons (85% from a total of 80 neurons analyzed), the [Ca 2ϩ ] i response was monophasic, with a complete recovery of the resting [Ca 2ϩ ] i . In a small percentage of neurons (15%), the initial Ca 2ϩ signal was followed by two to five slow oscillations of somatic [Ca 2ϩ ] i (Fig. 4, neuron 2) . Although not investigated in detail, these occasional oscillations were not influenced by 1 M TTX.
The same experiments were performed on slices from aged animals. Taking into account the potential for dysregulation of Ca 2ϩ homeostasis as a function of the time of slice maintenance in in vitro conditions (see above), all of these experiments were performed within 2 hr after slicing; for analysis, only neurons that displayed a low (Ͻ150 nM) and stable [Ca 2ϩ ] i were included for analysis. In Figure 5 , a set of four neurons is shown that, in a fortunate manner, illustrate the main patterns of [Ca 2ϩ ] i response in aged cerebellar granule neurons in response to KCl depolarization. The main type of response (65% from a total of 57 neurons) is that recorded for neuron 1: a monophasic Ca 2ϩ response, similar to that observed in young neurons (type 1 response). The response of another 30% of the neurons is typified by neurons 3 and 4 in Figure 5 : an initial monophasic Ca 2ϩ signal that started to recover after removal of the depolarizing stimulus but never reached the prestimulus resting [Ca 2ϩ ] i value for each time point and for each experimental group presented in A. The data in A were curve-fitted with various linear and nonlinear models to find the best fit, as described in Results. The graph shows the exponential best fit for each of the data sets (Young and Old), together with the calculated 95% CL, to illustrate the fact that for the first 3 hr the curves are superimposable, after which time the curves become significantly different. C, Increase in neuronal death in slices maintained in vitro for 5 hr. Slices were loaded for 10 min with a PI/Hoe mixture at 1 hr after slice isolation and after 6 hr of in vitro maintenance in the slice-holding chamber (3 young animals, 7 slices at 1 hr and 6 slices at 6 hr; 3 old animals, 5 slices for both 1 and 6 hr). Images of two to three fields per slice were taken, and the number of PI-positive cells (normalized for the total number of cells as labeled by Hoe) was calculated. The graph shows the percentage increase in the number of PI-positive cells over the 5 hr interval of in vitro maintenance. [Ca 2ϩ ] i values of cerebellar granule neurons from young (6 weeks) and aged (24 months) slices, maintained in vitro for extended times. A, Scatterplot of resting [Ca 2ϩ ] i values of cerebellar granule neurons from young (6 weeks) and aged (24 months) slices, maintained in vitro. After cutting, the slices were maintained in a brain slice holding chamber, in aCSF bubbled with O 2 and CO 2 , for rons ( Fig. 4 ) was compared only with responses in the older neurons that did not show the second-phase loss of Ca 2ϩ homeostasis [i.e., only old neurons displaying a type 1 response (monophasic response with full recovery), such as neuron 1 in Fig. 5 ]. The results of this comparison (Fig. 6) show that whereas the rate of [Ca 2ϩ ] i increase and the amplitude of the [Ca 2ϩ ] i response is similar in the two populations, for the old neurons there was a clear slowdown in the recovery of [Ca 2ϩ ] i after the removal of the stimulus (Fig. 6 A) . At the end of the stimulation period, the mean [Ca 2ϩ ] i values were similar in both preparations (512.3 Ϯ 18.4 and 521.5 Ϯ 12.4 nM Ca 2ϩ for the young and old neurons, respectively). However, during the recovery period, the average [Ca 2ϩ ] i values differed significantly between the aged and young neurons. At 60 sec after the removal of the depolarization stimulus, [Ca 2ϩ ] i in the old neurons was 75% larger than in the young neurons [166.6 Ϯ 3.9 nM Ca 2ϩ ( young) vs 292.6 Ϯ 12.2 nM Ca 2ϩ (old)]. The [Ca 2ϩ ] i values became similar in the two preparations by 4 min (67.6 Ϯ 3.0 vs 75.1 Ϯ 8.1 nM Ca 2ϩ for young vs old, respectively). Two-way repeated-measures ANOVA (using time and age as analysis factors) on [Ca 2ϩ ] i values obtained from individual neurons at different time points after the removal of the depolarization stimulus indicated that age affects the values of [Ca 2ϩ ] i in a highly statistically significant manner ( p ϭ 0.009). These differences were also confirmed by calculating the rate of [Ca 2ϩ ] i recovery (Fig. 6 B) , which shows that at all time points after the removal of the stimulus, the rate of recovery in the aged neurons was lower than in the young neurons ( p ϭ 0.0121 for the age-factor effect; two-way ANOVA).
Dual measurements of [Ca 2؉ ] i and mitochondrial membrane potential
The decrease in the capacity of old neurons to maintain a stable resting [Ca 2ϩ ] i over longer periods of time in vitro (Figs. 2, 3 ) and the significant reduction in their rate of [Ca 2ϩ ] i recovery after stimulation all point to a possible reduction in the metabolicenergetic reserves of these aged neurons. Mitochondria are a major site of cellular ATP production (Nicholls and Budd, 2000) ; furthermore, during aging, mitochondrial dysfunctions have been reported by several studies (Lenaz, 1998) . Thus, experiments were performed to assess simultaneously the dynamics of [Ca 2ϩ ] i and mitochondrial responses to depolarization-induced stimulation. Because the major factor in determining the level of mitochondrial ATP production is the mitochondrial membrane potential (⌿ mito ) (Nicholls and Budd, 2000) , we monitored this parameter using rhodamine-123. This Nerstian dye distributes across the membranes strictly as a function of their membrane potential; thus, it accumulates in mitochondria preferentially (Nicholls and Ward, 2000; . After depolarization, the dye is released from the mitochondria, with a resultant increase in the cytosolic signal. For this type of experiment, the use of rhodamine-123 is preferable to the use of the other mitochondrial dyes, such as TMRM or TMRE, because it has a much lower membrane permeability (Nicholls and Ward, 2000) . As a consequence, a decrease in the rhodamine-123 signal during or immediately after cell stimulation is attributable to rhodamine reuptake by repolarizing mitochondria rather than to loss of dye to the extracellular medium (Nicholls and Ward, 2000; .
In Figure 7 , the superimposed [Ca 2ϩ ] i and rhodamine-123 traces obtained from single, individual cerebellar granule neurons are shown. For both young (Fig. 7A) and old (Fig. 7B ) neurons, the responses show similar features: the depolarizationevoked increase in [Ca 2ϩ ] i was associated with a mitochondrial depolarization, the latter being initiated after a short lag period. This lag period most likely reflects the time taken for the increase in cytosolic Ca 2ϩ to reach the threshold for the activation of the mitochondrial Ca 2ϩ uniporter (Gunter et al., 2000) . The other salient feature of these traces is that the start of the recovery of the [Ca 2ϩ ] i after the removal of the stimulus did not correlate strictly with the initiation of the fast mitochondrial repolarization.
The differences in [Ca 2ϩ ] i responses between the two neuronal populations have been discussed above (Fig. 6 ) and are shown in Figure 8 , which compares directly the rhodamine-123 traces obtained from young and aged neurons, revealing additional important differences regarding the mitochondrial response. First, in the aged neurons, the rhodamine-123 signal is significantly lower (Fig. 8 A) [739 Ϯ 42 FU ( young) vs 574 Ϯ 33 FU (old) (n ϭ 23); p Ͻ 0.05]. In Figure 8 B, the data for each trace are normalized for ] i responses in cerebellar granule neurons in slices from young (6-week-old) animals. Slices (250 m thickness) were loaded with 10 M fura-2 AM, mounted in a perfusion chamber, and perfused through a plastic pipette brought with a micromanipulator to the vicinity of the area visualized through the microscope objective (perfusion rate, 1.5 ml/min). KCl (50 mM) was applied as indicated by the bar above the Ca 2ϩ trace. The figure represents two individual Ca 2ϩ traces obtained from the two neurons in the granular area of the cerebellar slice. For the set of images labeled A-E and corresponding to the regions labeled A-E on the Ca 2ϩ traces, a mask obtained from the 380 nm images was applied to reduce the surrounding noise signal.
the corresponding peak response to reveal the differences in the dynamics of the mitochondrial depolarization response to neuronal stimulation; in the aged neurons the initial lag period is increased and, most importantly, the repolarization response is significantly delayed.
Thus, in the aged neurons both the [Ca 2ϩ ] i recovery and the mitochondrial repolarization are delayed compared with the young neurons. Figure 8C shows the relationship between these two parameters. ] i-rest ). The data in Figure 8 A show that the aged neurons have a lower absolute reading of rhodamine-123 fluorescence. This would indicate a lower level of loading of rhodamine-123 in the aged neurons that might, taking into account the strict Nerstian distribution of the dye in intracellular compartments, also indicate an increased degree of mitochondrial depolarization in these old neurons . The rhodamine-123 loading of the young and old neurons was tested using the mitochondrial protonophore carbonylcyanide m-chlorophenylhydrazone (CCCP) (10 M), which, by collapsing the mitochondrial membrane potential, allows the complete release of rhodamine-123 from the mitochondria . As seen in Figure 9 , CCCP induced a significantly higher increase in the neuronal rhodamine-123 signal in the young neurons than in the old ones (81.5 Ϯ 5.1% increase in young neurons vs 66.5 Ϯ 3.2% in the old neurons; p Ͻ 0.001), indicating a lower level of rhodamine-123 loading in the aged neurons.
DISCUSSION
In this paper, we have analyzed, for the first time, the relationship between neuronal Ca 2ϩ homeostasis and mitochondrial status during the process of normal aging. Although age-related changes in Ca 2ϩ homeostasis have been reported before, most of these studies have been performed in acutely isolated neurons or subcellular preparations (Verkhratsky and Toescu, 1998) , whereas here we have used a more physiologically relevant preparation, the brain slice. The most significant change in Ca 2ϩ homeostasis was seen during a sensitive, energy-dependent phase of Ca 2ϩ Figure 6 . Comparison of [Ca 2ϩ ] i response to neuronal depolarization in cerebellar granule neurons in slices from young and aged animals. A, Illustration of the range of [Ca 2ϩ ] i responses to depolarization-evoked stimulation (indicated by the bar above the traces) in a young slice (left) and an old slice (right). For each panel, the traces show data from two separate experiments. B, Superimposition of mean [Ca 2ϩ ] i traces obtained from cerebellar granule neurons in response to KCl-evoked depolarization in young (black line) and old ( gray line) animals. For the aged group, only neurons that showed a monophasic response with full recovery of the resting [Ca 2ϩ ] i were included for analysis. The traces are aligned for the initiation time point. The traces show the average trace obtained from a representative experiment (7 neurons for the young slices and 5 for the old slices). C, The rate of [Ca 2ϩ ] i recovery was calculated from the [Ca 2ϩ ] i values (for the period of time marked in A) as the first-order differential of the Ca 2ϩ trace with respect to time, and is expressed in units of ratio per minute. The first data point displayed on the graph corresponds to the moment at which KCl perfusion was stopped, and the trace covers the period of time highlighted in B. The two-factor ANOVA on the two data sets ( young and old) indicated a statistically significant difference between them ( p ϭ 0.015). signaling, the recovery of the resting [Ca 2ϩ ] i after neuronal stimulation. This deficit was associated with a mitochondrial impairment of membrane repolarization that would be indicative of a limitation in the capacity of mitochondria to provide energy support during phases of metabolic stress. This explanation would also underpin the increased vulnerability of the aged neurons reported here. (Khachaturian, 1994; Verkhratsky and Toescu, 1998) , must affect, especially when acting over long periods of time, the value of resting [Ca 2ϩ ] i . We found that, when measured a short time after slice preparation, the resting Ca 2ϩ is not different in young or aged animals, indicating that the aged cerebellar neurons do not have a chronic dysfunction of any of the major Ca 2ϩ homeostatic pathways.
Age-dependent changes in
In contrast, the capacity of neurons to maintain a stable resting [Ca 2ϩ ] i during prolonged in vitro maintenance was significantly different in young and old slices. This process is an indicator of an increased vulnerability of aged neurons. Although no reports are available assessing the cerebellar neurons directly, various reports indicate an increased neuronal vulnerability with age (Shetty and Turner, 1999; Joseph et al., 2000) . The increase in resting [Ca 2ϩ ] i in aged neurons as a function of time in vitro might also explain the scattering of results reported in previous studies: increased (Kirischuk and Verkhratsky, 1996) , decreased (Hartmann et al., 1996b) , or unchanged (Campbell et al., 1998; Murchison and Griffith, 1998) (Thibault et al., 1998; Verkhratsky and Toescu, 1998) . In hippocampal neurons, aging leads to a substantial increase in L-type Ca 2ϩ -channel density (Thibault et al., 1998) . In basal forebrain neurons, aging does not significantly affect the density of L-type channels but does increase the number of T-type channels (Murchison and Griffith, 1996) . In peripheral neurons, both the T-and L-type channels are reduced significantly (Kostyuk et al., 1993) . In the present experiments, in conditions in which the Ca 2ϩ channels are expected to be a main component in generating the KCl-evoked [Ca 2ϩ ] i signal, the similarities of the upstroke phase of the Ca 2ϩ response between young and old neurons indicate no significant changes in Ca 2ϩ -channel activity in aged cerebellar granule neurons. However, no electrophysiological studies of the cerebellar neurons during aging are available to date.
Another important difference between the two ages is the significant slowing down of the recovery of [Ca 2ϩ ] i levels in the aged neurons after stimulation. This feature of Ca 2ϩ homeostasis in old neurons has been reported in previous studies and represents in fact one of the few constants in the field (Verkhratsky and Toescu, 1998) . A delay in the recovery of resting [Ca 2ϩ ] i after stimulation could be attributable to an alteration of one of the Ca 2ϩ extrusion systems. In non-neuronal tissues, an agedependent decrease in the expression of the gene coding for one sarco/endoplasmic reticulum (ER) Ca 2ϩ -ATPase (SERCA) subtype has been reported previously (Maciel et al., 1990) ; in peripheral neurons, a decrease in the activity of either SERCA (Pottorf et al., 2000) or plasma membrane Ca 2ϩ -ATPase (PMCA) (Michaelis et al., 1996) was demonstrated that was linked, directly or indirectly, with alterations in the calmodulindependent activation step. In central neurons, direct measurements of the caffeine-sensitive Ca 2ϩ pools showed that aging results in a decrease in the ER Ca 2ϩ pools (Verkhratsky et al., 1994) .
Mitochondrial dysfunction in aged neurons
Another factor that might account for the delayed [C a 2ϩ ] i recovery is the metabolic and energetic status of the aged neurons. Removal of C a 2ϩ from the cytosol is a process that is dependent on ATP supply, either directly, through the activities of the SERCA and PMCA, or indirectly, because C a 2ϩ extrusion through the Na ϩ /C a 2ϩ exchanger depends on the Na ϩ gradient established by the Na ϩ / K ϩ ATPase. Neurons can generate ATP through both cytosolic glycolysis and mitochondrial oxidative phosphorylation (Nicholls and Budd, 2000) . The present results indicate a degree of mitochondrial dysf unction in aged neurons. When loaded under identical conditions, the aged neurons showed a significantly lower rhodamine-123 uptake, indicative of a depolarized status . More importantly, the mitochondrial repolarization after the removal of stimulation in these aged neurons was delayed. The initial depolarization of mitochondria that follows the starting of the [C a 2ϩ ] i signal has been described previously (Duchen, 1999) ; it is determined by the mitochondrial C a 2ϩ uptake (Peng et al., 1998) . The lag period observed is indicative of the time taken by the [C a 2ϩ ] i to reach threshold levels for the activation of the mitochondrial C a 2ϩ uniporter (Gunter et al., 2000) . The recovery of the mitochondrial membrane potential, as monitored by the return of rhodamine-123 fluorescence levels to prestimulus values, is not the result of pumping out the accumulated mitochondrial C a 2ϩ , because mitochondria can maintain the accumulated C a 2ϩ for long periods (Vergun et al., 1999) . Also, the starting time point of repolarization, which is variable from neuron to neuron, can precede the starting of the [C a 2ϩ ] i recovery (data not shown) (mean Ϯ SEM from 7 images from 3 separate animals for each age group) of the FCCP effect on the rhodamine-123 (R-123) signal. In the old slices, the protonophore induces a significantly (*p Ͻ 0.001) lower increase in the rhodamine-123 signal, indicating lower rhodamine-123 loading. (Duchen, 1999) and is not associated with an additional increase in [C a 2ϩ ] i . Instead, the repolarization is most likely attributable to a C a 2ϩ -dependent activation of the respiratory chain, resulting in an increase in the rate of H ϩ pumping out of the mitochondrial matrix and increased ATP production (McCormack and Denton, 1994) . Thus, the significant decrease in aged neurons in the rate of mitochondrial repolarization points to a defective coupling between C a 2ϩ and mitochondrial metabolism that might result in a decrease in the capacity of mitochondria from aged neurons to provide sufficient ATP to meet the excessive energetic demands associated with stimulation. This metabolic insufficiency might also provide an additional mechanism to account for the recent data reporting an impairment of the postsynaptic C a 2ϩ homeostasis that is expressed only during suprathreshold stimulation, and even then, only during the late stages of a train stimulation (Thibault et al., 2001) .
Mitochondrial dysf unctions may be an important underlying process in aging (Ames et al., 1995) ; evidence indicates that several aspects of mitochondrial metabolism are affected in an age-dependent manner. In the brain, the activity of the complex III of the respiratory chain, considered crucial for the activity of the entire oxidative phosphorylation system, was significantly decreased in old mice (Kwong and Sohal, 2000) ; measurements in hepatocytes showed a marked degree of age-related decline of the average mitochondrial membrane potential (Hagen et al., 1997) . The observations presented here tell a similar story, but f uture experiments are required to determine whether the changes observed in aged neurons are attributable to mitochondrial DNA lesions/mutations (Cortopasi and Wong, 1999) or to other structural or f unctional changes .
Conclusions
In conclusion, the most important finding reported here is that the age-dependent changes in Ca 2ϩ homeostasis, which are manifested primarily as a decrease in the capacity of the neurons to recover resting [Ca 2ϩ ] i after intense stimulation, are associated and most likely attributable to significant alterations in the metabolic status of the mitochondria that result in delays in the depolarization-repolarization cycle of the mitochondrial membrane potential.
